The effect of u.v. and visible light on a polarizable electrode in transparent aqueous and ethanolic solutions of various compounds was followed by the d.c. polarographic technique of mean and instantaneous currents. Whereas a cathodic photocurrent appears in every solution, an anodic photocurrent was found only in solutions of a certain type of organic compound. The cathodic photocurrent in aqueous solutions of indifferent electrolytes increases on dilution; with it a marked effect of the cation charge is observed. A parti cularly high cathodic photocurrent appears in solutions of some irreversible depolarizers or of scavengers of hydrated electrons. A linear relation was found to hold between the energy of the red limit of the photocurrent and the threshold potential of the electrode. Whereas the anodic photocurrents are of the same magnitude in aqueous and ethanolic solutions, the cathodic photocurrents in water are more than one order of magnitude higher than in ethanol.
The effect of u.v. and visible light on a polarizable electrode in transparent aqueous and ethanolic solutions of various compounds was followed by the d.c. polarographic technique of mean and instantaneous currents. Whereas a cathodic photocurrent appears in every solution, an anodic photocurrent was found only in solutions of a certain type of organic compound. The cathodic photocurrent in aqueous solutions of indifferent electrolytes increases on dilution; with it a marked effect of the cation charge is observed. A parti cularly high cathodic photocurrent appears in solutions of some irreversible depolarizers or of scavengers of hydrated electrons. A linear relation was found to hold between the energy of the red limit of the photocurrent and the threshold potential of the electrode. Whereas the anodic photocurrents are of the same magnitude in aqueous and ethanolic solutions, the cathodic photocurrents in water are more than one order of magnitude higher than in ethanol.
For the interpretation of the photocurrent the existence is assumed of a surface complex between the electrode and an adsorbed component of the solution held by charge-transfer forces. I t is suggested th at in the anodic photocurrent the organic compound as electron donor undergoes an electrolytic oxidation in the excited state of the complex. The cathodic photo current in aqueous solutions is explained by a transfer of the electron either directly to a reducible acceptor or indirectly through a common acceptor-water molecule to a hydrated electron and an electron scavenger in the solution.
In ethanolic solutions when no charge-transfer interaction with the electrode can take place the photocurrent is ascribed to the emission of electrons.
I n t r o d u c t io n
Since Edmond Becquerel's report in 1839 on the effect of light upon electrodes in solution a great number of papers have appeared on this subject (for a review see Copeland, Black & Garret 1942; Mauser & Sproesser 1964) . Among the various systems in which such effects have been studied different types can be distinguished according to the different kinds of the primary photoreactions involved.
When the light is absorbed by the solution, the electrode only reacts to homo geneous photochemical changes in the solution without taking any direct part in the photoprocess.
W ith a non-absorbing solution and a photosensitive electrode the illumination results in an inner photoeffect in the electrode surface, the solution entering only into secondary reactions.
A distinct effect, although smaller than in the previous two cases, can be observed with pure metallic electrodes in non-absorbing solutions. This effect is especially interesting from the electrochemical point of view, as the primary process involves a direct transfer of the electron across the metal/solution interface. In order to differentiate it from the photoeffects in other possible systems the term 'electro chemical photoeffect ' is used in the present paper for this kind of Becquerel effect because of its fundamental character and its formal analogy with the classical photoeffect.
The first workers on the electrochemical photoeffect followed potentiometrically the changes of potential of noble metal electrodes in various solutions on illumina tion; the results were not sufficiently reproducible. A significant step forward was made by Bowden (1931) through his discovery of the influence of light on the electrodeposition of hydrogen; this was further investigated by Price (1938) and Hillson & Rideal (1949) . However, satisfactory reproducibility of experimental results was achieved only when polarography was applied and the effect of light was measured on the dropping mercury electrode.
The pioneering work on photopolarography has been done by Berg (1963) and collaborators. In blank solutions without photoactive substances they observed a ' photoresidual current ' which is the proper measure of the electrochemical photo effect. Barker and co-workers (1963,1966 ) studied quantitatively the photocurrents in solutions of scavengers of hydrated electrons and found an agreement between the values of scavenging rate constants from radiation chemistry and photo current measurements. Barker's results in acid solutions were confirmed by Delahay & Srinivasan (1966) with a coulostatic technique. Heyrovsky & Norrish (1963) pointed to the connexion between the potentiometric and polarographic results in the investigation of the electrochemical photoeffect.
The object of the present work was to gather experimental material th at would help to decide the nature of the electrochemical photoeffect: whether it is due to emission of electrons or to a photochemical reaction in the interface. In order to study the electrode-solution system without any complicating factors a simple experimental arrangement and technique were used, with the exclusion of photo lysis in solution and of simultaneous electrolytic processes on the electrode.
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M. Heyrovsky E x p e r im e n t a l Twice distilled mercury was used for the mercury pool and dropping mercury electrode.
Solutions were prepared from chemicals of 'A nalar' grade and from water redistilled from permanganate. Ethanol was purified by treatm ent with sulphuric acid, potassium hydroxide and silver nitrate according to Leighton, Crary & Schipp (1931) . Acetone was redistilled from permanganate.
The cell of about 50 ml. volume with two plane parallel walls was made of quartz with ground joints for the gas inlet and outlet, the solution inlet, the dropping electrode, the contact to the mercury pool and the thermometer. To avoid liquid junction potentials and contamination of the solution by electrolyte from an electrolytic bridge, no separate reference electrode was used; a layer of mercury on the bottom of the cell served as counterelectrode. The cell was fixed in a water tank kept at 25-0 ± 0-5 °C.
Throughout each experiment the solution was under a stream of nitrogen which had been purified from traces of oxygen by passing through two columns containing metallic zinc in alkaline solution of anthraquinone-/?-sodium sulphonate and one column of amalgamated zinc in an acid solution of chromous chloride. Before entering the cell the nitrogen was passed through a wash-bottle containing the same solution as the cell.
Nitrogen was first bubbled through the solution in a separate compartment at a high rate for at least 1 h before the solution was forced over into the nitrogen-filled cell with mercury on the bottom. During the actual measurements nitrogen was passed over the solution.
The capillary used for the dropping electrode was of the type introduced by Smoler (1963) with the lower end bent and cut at 45°, 20 cm long, inner diameter 60 pm, with the rate of flow of mercury under constant height of 39 cm of mercury column of m = 0-525 g/s, and with drop time in 0-1 m-KCI at zero charge potential of tx = 5-55 s.
Light from a 1 kW high-pressure mercury lamp type ME/D was focused on the tip of the capillary by means of a quartz lens through a quartz window in the side of the water tank and through an 8 cm layer of water to the cell, so th a t when exposed each drop of mercury was formed in a strong field of light.
The emission of the lamp covered homogeneously the range from 2350 to 5400 A with a gap between 2540 and 2640 A and with two groups of lines at 5800 and 6100 A.
A continuous control of the constancy of the intensity of emission was provided by means of a cadmium photocell in circuit with a voltmeter.
A set of solution filters was used for cutting off various portions of the spectrum from the short-wave side. The emission of the lamp as well as the transmittance of the filters was measured and regularly checked by means of a small Hilger quartz spectrograph.
For each solution examined an absorption spectrum wT as recorded before the experiment on the Perkin-Elmer Model 137 or Unicam S.P. 800 u.v. spectrophoto meter; according to the absorbance suitable filters were chosen to ensure th at the light illuminating the electrode was not absorbed by the solution. The intensity of the light was reduced by means of a set of wire gauzes of various thickness, the transmittance of which had been measured on the spectrophotometer.
For the potentiometric measurements a slide wire potentiometer and a spot galvanometer made by Cambridge Instrum ent Co. were used. Polarographic curves were recorded by means of the Radiometer P 04 Polariter.
The instantaneous currents on single drops at constant applied voltage were measured by means of a simple circuit: the slider of a 20 D Beckman Helipot precision potentiometer, connected to a 4 V lead battery with its negative terminal earthed, was connected to the mercury pool electrode and the dropping mercury electrode was joined to earth across a 100 k£I resistor. The voltage drop on the resistance as a measure of the current in the cell was followed on the screen of a Tektronix type 531A oscilloscope with maximal vertical sensitivity of 1 mV d.c./cm. Since the currents observed never exceeded 0-3 pA, the maximal error in the applied voltage in this circuit was 30 mV which represented the limits of error in deter mining the 'threshold potential' of photocurrent (see Results). For exact measure ments the i-t curves were photographed and magnified.
The values of potentials were referred to the potential of zero charge in each solution. This potential can be easily found on the polarographic curve recorded at high sensitivity with minimal damping and especially when following the curves: when the potential of the dropping mercury electrode changes from positive to negative, the oscillation amplitudes due to the charging current decrease to zero when the potential of zero charge is reached and then start increasing in the opposite direction. The relative error in determination of the potential of zero charge by means of i-t curves was less than + 10 mV even in diluted solutions. The determination of the zero charge potential was repeated before and after each measurement of the threshold potential. Values of the voltage corresponding to the zero charge and threshold potentials were measured on the screen of the oscilloscope calibrated with a Weston element. It was found th a t the mercury pool as counterelectrode held its potential in all solutions fairly constant; excep tionally a small drift was observed which never exceeded 30 mV in total.
M. the potential changes are of the order of millivolts per minute, whereas light of wavelengths above 3100 A produces a shift of potential of only a few millivolts per hour. Although the change of potential on illumination was observed every time, its rate and its final limit were not sufficiently reproducible. In order to attain higher reproducibility, the mercury pool was replaced by the dropping mercury electrode and the effect was further studied by the polarographic method. The dropping electrode in each solution was polarized within the limits of potentials where the electrolytic current does not exceed the magnitude of the charging current. A current-voltage curve was recorded to high sensitivity first in the dark, then with the electrode illuminated and then the response of current to the light passed through various filters was measured at constant potential. I t has been found th at with sufficient light intensity there is in every solution a smaller or greater difference between the current on the dark and on the illumi nated electrode. This difference, or the photocurrent, depends on the potential of the electrode, on the frequency and intensity of light, and on the composition of the solution. This is in general agreement with what was found under different conditions by Barker & Gardner (1963) and by Berg & Schweiss (i960, 1964) , who coined the term ' Photoreststrom ' for this kind of current.
The electrochemical photoeffect The effect of light on the electrolytic evolution of hydrogen in conditions of polarographic electrolysis is shown in figure 2 (cf. Bowden 1931) . In the present work the photocurrent was measured as a rule only in th a t part of the polaro graphic curve where the electrolytic reaction does not come into force, i.e. in the region of residual current before the trough of the wave. The photocurrent is in dependent of the height of the mercury column above the tip of the capillary, which indicates th at the determining step in the photoprocess is the rate of a chemical or an electron-transfer reaction. The direct proportionality between the photocurrent and the area of the dropping electrode has been confirmed in various solutions by measuring the instantaneous current at constant potential. The instantaneous photocurrent obtained by subtraction of the dark current from current under illumination is a parabolic function of time with the exponent 2/3 : ip = Jct% (figure 3). Hence the photocurrent is afaradaic current, and is n due to any change of capacity of the electrode caused by illumination.
A direct proportionality between the photocurrent and the intensity of light reported by Price (1938) , Hillson & Bideal (1949) and Barker & Gardner (1963) was found in general to hold.
Price (1938) discovered an exponential dependence of photocurrent on potential in aqueous solution of sulphuric acid. The polarographic results have shown th a t the dependence of the logarithm of photocurrent on potential consists of two linear parts, the first part being steeper (figure 4). On careful analysis of photocurrent this log t was found to be the case for all solutions where sufficiently high photocurrents could be obtained. According to Price (1938 ) andHillson & Rideal (1949 the photo current in sulphuric acid is also an exponential function of the frequency of the light. If this double exponential dependence is valid for other solutions as well, it follows th at for a constant photocurrent there must exist a linear relation between the potential and the frequency, or energy of the light.
To verify this conclusion the 'threshold potentials' were determined for light passed through various filters. By ' threshold potential ' is understood the potential at which the photocurrent begins to appear under given illumination. Likewise, for a given potential light of a definite 'red limit wavelength' exists a t which the photocurrent can just be observed. These limiting values depend necessarily on the experimental arrangement used, on the intensity of light and on the sensitivity of the current-measuring instrument. The limit of photocurrent in our case was 10~9 A, which corresponded to a deflexion of 1 mm on the screen of the oscilloscope with full F igure 5. R elation betw een th e electrode threshold potential and th e energy of red lim it of photocurrent for 0-1 m aqueous solution of HC104. P o tentials versus point of zero charge.
sensitivity, the smallest value of current th a t could be measured. The 'threshold potentials' when plotted against the values of energy of the shortest wavelength transm itted by the set of filters showed a linear dependence in all solutions examined (figure 5 and others). The linear relation between the two variables determining the red limit of photocurrent is a useful characteristic of the electrochemical photoeffect. The intercept of the straight line on the energy axis at the zero charge potential gives the minimal quantum necessary for the production of photocurrent in the absence of an electric field due to an ionic double layer, whereas the slope of the line indicates to what extent the photoprocess depends on the potential of the electrode and on the double layer field. The magnitude and the direction of the photocurrent varies according to the composition of the solution. In neutral and alkaline aqueous O -Im solutions con taining cations of alkali or alkaline earth metals and anions like halides, hydroxide, chlorate, perchlorate, azide, cyanate, sulphite, sulphate, phosphate, acetate and benzoate the photocurrent is approximately of equal magnitude, rather small, with the intercept on the curve of potential against red limit between 4T and 4*4 eV and the slopes of the straight lines between 0-9 and 1*4 eV/V. A finer distinction between the above solutions, as far as the effects of cations or anions on the photocurrent are concerned, has not been studied. The reproducibility in determination of the inter cept with one solution several times newly prepared was within + 0T eV.
A marked increase of photocurrent was observed on dilution of the electrolyte (figure 6). In this effect a conspicuous difference appears between solutions con taining monovalent and polyvalent cations. The solutions of salts of alkaline earth metals have to be more than 100 times more diluted than the solutions of salts of alkali metals to give photocurrents of the same magnitude. This difference can be seen also in the potential-red limit diagram (figure 7): on dilution both the intercept and the slope are changed. W ith monovalent cations on 104-fold dilution the inter cept decreases by about 0-5 eV, whereas with divalent cations the decrease is only about 0-1 eV. Solution of lanthanum acetate did not give any increase of photo current even on 104-fold dilution.
In purely ethanolic solutions the photocurrent is in general a t least one order of magnitude less than in aqueous solutions. On figure 8 are compared the potentialred limit diagrams of 0-1 m aqueous and ethanolic solutions. The effect of dilution appears in ethanol as in water with the difference th a t in water the slopes of the straight lines of the diluted and concentrated solutions diverge with increasing negative potential, whereas in ethanol they converge (figure 9). Considerably higher photo currents than in neutral or alkaline solutions were found in solutions of acids. Bowden (1931) discovered the effect in 0-2 m sulphuric acid, Barker & Gardner (1963) worked also with hydrochloric and perchloric acids, Schweiss (1964) added phosphoric and Heyrovsky & Norrish (1963) acetic acid. The potential-red limit diagram for 0T m perchloric acid is given in figure 5 . The intercepts on the diagrams for sulphuric, hydrochloric, perchloric, oxalic, citric and acetic acids were all found to lie between 3*25 and 3-50 eV and the slopes of the straight lines between 2-4 and 2-8 eV/V-with the exception of oxalic acid, 4-2 eV/V (see table 1). Considerable photocurrent appears in water saturated with -1-2 F ig u r e 9 F ig u r e 10 C0 2 under atmospheric pressure. In 0-1 m solutions of glycine, phenol and boric acid the photocurrent is several times higher than in 0-1 m-KCI. A 0-1 m solution of NaH2P 0 4 has an intercept of 3-65 eV and yields a high photocurrent, whereas Na2H P 0 4 with intercept of 4*05 eV does not differ on illumination from other neutral solutions. A large photocurrent in 0-1 m solution of KCN has probably to be ascribed to HCN formed by hydrolysis, since after addition of KOH the photo current does not exceed th at in KOH alone. In general, all proton donors of p K a < 1 0 are distinguished by an increased photocurrent. Besides acids there are also species which yield an increased photocurrent in neutral or alkaline solution (table 1) . Lanthanum acetate in 0T m concentration has an intercept of 3-9 eV and a photocurrent noticeably higher than e.g. magnesium acetate with intercept of 4*4 eV; however, on tenfold dilution the photocurrent due to lanthanum ions disappears. The solutions containing zinc or manganese ii ions do not give specific photocurrents. Other cations have not been examined, as they either are reduced at too positive potentials or absorb visible light and so do not fit into the present conditions of measurements. Barker & Gardner (1963) reported a high activity in the photoeffect of nitrate, nitrite and bromate ions. To these three a few other anions can be added: iodate, thiocyanate, thiosulphate, selenite and tellurate. Heyrovsky & Norrish (1963) noticed a strong photoeffect in solutions of nitrous oxide N20 ; equally effective is acrylonitrile (Heyrovsky 1965) . The photocurrent in aqueous solution of LiCl saturated with carbon monoxide increases notably with increasing negative potential; on the potential-red limit diagram there is hardly any change in the intercept of the straight line of LiCl solution, but the slope has changed to 2*5 eV/V from the l-4 eV/V in pure 0-lM-LiCl (figure 10). When the electrode is illuminated in aqueous solutions of bicarbonate or acetone, the current-voltage curve takes the shape of a polarographic 'wave' (figure 11). The straight lines on the potential-red limit diagrams have in both cases an unusually high slope (7-6 eV/V, acetone; 8-4 eV/V, bicarbonate) which means th at the photoprocess on the electrode is strongly dependent on potential (figures 12, 16). In bicarbonate solutions the cathodic photocurrent appears a t positive potentials, but disappears when the potential of zero charge is reached and does not reappear until about 1V lower. The intercept extrapolated for the photocurrent on the positive side is 3-3 eV.
The electrochemical photoeffect
Addition of alkali hydroxide to solutions of specifically active species increases the value of the intercept, i.e. reduces the photocurrent, but in different solutions to different extents (table 1). In the presence of O I m-KOH the largest increase, by 1-0 eV, is observed with nitrite (figure 13) then with bromate and iodate (0*9 eV), thiocyanate (0*4 eV), thiosulphate (0-3 eV) and tellurate (0-2 eV). The photocurrent 422 M. Heyrovsky'
F igure 14. Mean photocurrent in O-Im-KOH in presence of pyridine and (a) KCNS, (6)N a2S20 3.
P otentials versus p oint of zero ch arg e; light of wavelengths longer th a n 3040 A.
in solutions of nitrate, nitrous oxide and acrylonitrile is very little affected by the presence of OH-ions. The addition of KC1 or BaCl2 to the specifically active solutions up to 0-1 m concentration has no effect on the photocurrent (figure 13). In alkaline solutions of substances giving high photocurrent the effect of pyridine can be followed. Pyridine is known (Heyrovsky, Sorm & Forejt 1947) to form in alkaline media a t the surface of mercury an adsorbed layer which desorbs a t negative potentials. I t was found th at pyridine suppresses the photocurrent considerably in the whole potential range, but that the discontinuous increase of charging current resulting from the sudden disappearance of the surface layer is accompanied by a discontinuous increase of the photocurrent ( figure 14) . In ethanol the specifically active species produce photocurrents by almost two orders smaller than in water. The difference between the effects of the two solvents is well demonstrated by the potential-red limit diagrams (table 1, figures 15, 16).
All photocurrents described above are cathodic, i.e. the direction of electron flow is from the electrode to the solution. Anodic photocurrents of the opposite, direction were found (Heyrovsky 1966) in acid, neutral or alkaline solutions of oxalate, dimethyloxalate, malate, tartrate, pyruvate, citrate, glycolate, lactate, chloroacetate, glycine, diacetyl and glyoxal (figure 17). They do not appear with any of the previously mentioned inorganic compounds, or with formate, acetate, fumarate or maleate, acrylonitrile, acetophenone, acetaldehyde or acetone. Non occurrence of the anodic photocurrent in solutions of ethyleneglycole, ethylenediamine or ethylenediaminetetraacetic acid is an indication th a t the effect is not connected with anodic dissolution of mercury.
The anodic photocurrent has all the properties of the cathodic photocurrent, with the sole difference, th a t it is of the same magnitude in aqueous and ethanolic solutions ( figure 18 ). On the potential-red limit diagrams the intercepts of solutions
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F ig u r e 17. Effect of light on th e polarographic curve of ta rtra te . 0 -1 m solution of N a ta rtra te in w ater; potentials versus m ercury pool: (a) d ark curve; (b) dropping electrode illum i nated w ith light of w avelengths longer th a n 3040 A.
of acids are higher than those of their salts (table 2); addition of alkaline hydroxide to the salts has no effect. The line on the diagram for oxalate ends at low potentials with a short section independent of light energy; with oxalic acid this appears only in diluted solutions; a similar case was found with malic, lactic and chloroacetic acids ( figure 19 ).
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F igure 18. P o ten tial-red lim it diagram for anodic photocurrents. Solutions of (a) 1m oxalic acid in w ater; (6) 0-1m oxalic acid in ethanol; (c) O lM -N a oxalate in w ater; (d) 0-1m dim ethyl oxalate in w ater.
F igure 19. P o ten tial-red lim it diagram for anodic photocurrents. 0*1m solutions of (a) N a ta rtra te ; (6) lactic acid; (c) chloroacetic acid. oxalic acid (aq.) 3-2 4-9 oxalic acid (ethan.) 4-0 4-8 N a oxalate 3-8 3-9 dim ethyl oxalate 3-6 5-4 ta rta ric acid 3-2 5-0 N a ta rtra te 4-2 4-4 Cl-acetic acid 2-8 5-5 glycine 4-2 6-0 glycolic acid 2-2 4-5 lactic acid 2-2 4-5 malic acid 2-6 5-0 citric acid 2-5 5-0
D iscussio n
The experimental results show th at there are several kinds of photocurrents on mercury electrodes in non-absorbing solutions. First of all there is the obvious difference between the cathodic and anodic photo currents.
The anodic photocurrent is of the same magnitude in aqueous and ethanolic solutions, which suggests th at the solvent does not enter into the primary photo reaction. Although absorption in the solution is excluded, the photocurrent is specific for organic compounds containing the structural group _ C -C = 6 x in the molecule ( Xs tands for a negative substituent). As the result of absorpti light by the electrode surface a cathodic photoemission of electrons should be expected rather than an anodic photocurrent. These arguments lead to the con clusion th a t the light-absorbing species responsible for the anodic photocurrent is a complex between the solute in the adsorbed state and the electrode surface. A particular feature of this complex is the dependence of its optical absorption on the potential of the electrode.
Mulliken (1952a) suggested th a t adsorption on metals could be interpreted as being partly due to the charge-transfer forces between the metal and the adsorbed species. This idea was used further by Mignolet (1953) and Matsen, Makrides & Hackerman (1954) and its applicability to adsorption problems was critically examined by Gundry & Tompkins (i960) . The principle of charge-transfer inter action with the electrode surface has been accepted in electrochemistry for the adsorption of unsaturated hydrocarbons (Frumkin & Damaskin 1964 ) which operate as 77--electron donors with the metal as acceptor. There appears to be no reason why the occurrence of this general type of interaction in adsorption processes should not be recognized in full.
When we consider adsorption forces we must take into account the chargetransfer complexes in their ground state, or in the no-bond form. When we con sider the effect of light on the interface we must take the excited state of the complex, or its dative form, into account.
In terms of the charge-transfer-no-bond theory applied to the anodic photo current the electrode will act as the acceptor and the adsorbed organic substance as the donor of electrons. The adsorption and the charge-transfer interaction occurs most probably through the lone electron pairs on oxygen and on the negative substituent, so th at in the adsorbed state a five-membered ring with the metal surface is formed; the adsorbed compound appears here as a double n-electron donor. The adsorption bond is due to combined van der Waals and charge-transfer forces. Like the homogeneous donor-acceptor complexes the adsorption complex also possesses a characteristic optical absorption at wavelengths longer than the organic substance in the bulk of the solution. This explains why photocurrent characteristic of the solute is obtained when no absorption of light by the substance in the bulk solution takes place. On excitation by absorption of a light quantum an electron is transferred from the adsorbed donor to the electrode-acceptor. If the electron returns back to the ground state, there is no net direct current flowing across the interface and no photocurrent can be found polarographically. The existence of anodic photocurrent signifies th at the electron fails to return for some reason from the electrode to the donor, the resulting chemical change being an oxidation of the donor.
The electrochemical photoeffect
According to Graddon (1956) the absorption spectra of complex oxalates contain an intense band corresponding to the transfer of an electron from the ligand to the cation. Bisikalova (1951) found th at the photoreaction of complex oxalates of mercury and other metals in solution starts by a transfer of electron from the ligand to the central ion leading to formation of a reducing radical C20^. The reducing properties of this radical have also been postulated by other authors (Abel 1952; Saffir & Taube i960) . If the primary photoreaction of the oxalate anion adsorbed at the electrode is similar to th at of the oxalate complex in solution, i.e. if the oxalate anion-radical appears as the dative form of the donor at the electrode surface, it may be electrolytically oxidized by giving up a second electron provided the electrolytic reaction is fast enough to occur during the lifetime of the excited state. The final product of the whole process would be two molecules of C0 2.
The mechanism of the oxidation can be judged by analogy with homogeneous chemical reactions. In complex oxalates the C-C bond is known to be weakened by the coordination and to break easily (Sakuraba & Ikeya 1957; Duke 1947) The formation of charge-transfer complexes with the electrode surface as acceptor probably occurs more generally, but most of the donors in dative state are less likely to be electrolytically oxidizable than reducible, which cannot lead to the production of an anodic photocurrent.
From the theory of donor-acceptor complexes (Mulliken & Person 1962 ) it follows for charge-transfer absorption:
where ID is the ionization energy of the donor, EA the electron affinity of the acceptor Gx and G0 the energies of non-resonance interaction between the donor and acceptor in excited and ground states respectively, and X x and X 0 the corresponding resonance energies of interaction between the no-bond and dative states. If one of the partners in the complex is the electrode, an influence of the electric field of the double layer on the energy of both the ground and the excited states can be expected.
W ith an anodic photocurrent the electron affinity of the acceptor, is given directly by the electrode potential E:
where the suffix 0 refers to the potential of zero charge. Each of the other terms in equation (1) can be supposed to depend on the potential of the double layer; as an approximation a linear dependence may be assumed of the form = 4-h(E -E 0) where the value of the constant Jc is specific for each donor, determined mainly by its polarizability.
The expression for the energy of charge-transfer absorption of the complex between the electrode and an adsorbed substance can be then written in the form hv = where M is the sum of the potential independent parts of the terms of (1) and N is the sum of the constants k. Since the appearance of photocurren our hypothesis, a direct consequence of the absorption of a light quantum by the surface charge-transfer complex, then, if there are no kinetic complications, the experimentally found linear relation between the energy of the red limit of the photocurrent and the electrode potential is in accord with (3).
According to the charge-transfer interpretation of the anodic photocurrent the differences in the values of intercepts in table 2 are due mainly to different ionization potentials of the donors. As might be expected, acids have higher intercepts than their anions and acids of similar structures have similar intercepts.
The horizontal sections on some of the potential-red limit diagrams probably correspond to potentials where the rate of the electrolytic oxidation of the donor in dative state is no longer sufficiently high to compete with the return of the first electron to the ground state. If this explanation is correct, then here the red limit of the photocurrent ceases to follow the dependence of absorption of light by the surface complex on potential.
The anodic photocurrent is conditioned by the presence of a particular type of compound in solution; the cathodic photocurrent, on the other hand, appears to be a general phenomenon. However, the widely differing values of intercepts on the potential-red limit diagrams indicate th a t among the cathodic photocurrents several different cases must be distinguished. I t appears convenient to divide the cathodic photocurrents in aqueous solutions into four groups according to the values of intercepts: (i) less than 3-4 eV; (ii) equal to 3-4 eV; (iii) between 3-4 and 3-9 eV; (iv) between 3-9 and 4-4 eV.
The common value of the intercept in the second group, 3-4 eV in the present experimental conditions, is of particular significance. I t appears with solutions of acids of pA a < 6 and of other efficient electron scavengers, although the slopes of the straight lines on the potential-red limit diagrams differ considerably. This means th at at the potential of zero charge in all these different solutions the process of the transfer of electron from the electrode to the solution needs the same amount of energy. In ethanolic solutions of the electron scavengers there is no common inter cept; the values of intercepts are higher than in water by more than 1-2 eV and dispersed. The different properties of cathodic photocurrents in the two solvents cannot be explained by mere physical differences of aqueous and ethanolic media. The markedly lower red limit energy of photocurrent in water than in ethanol and the increase of photocurrent after the replacement of pyridine by water a t the electrode surface seem to indicate th at in aqueous solutions the electron transfer takes place between the metal and the adsorbed water molecules.
The experimental facts th a t water is more strongly adsorbed on metallic than on non-metallic surfaces (Armbruster 1946) , and th a t the adsorption of water on mercury is stronger than the adsorption of other polar solvents (Kemball 1947) are consistent with the idea th at water molecules are held on the surfaces of metals T h e electrochemical photoeffect 427 partly by charge-transfer forces. In th at case the transfer of the electron from the metal to the solution would occur again, as in the anodic photocurrent, through the photoexcitation of a surface charge-transfer complex, this time between the elec trode as donor and water as acceptor of the electron. According to Mulliken's (19526) classification of electron donors and acceptors both water and ethanol can react as dissociative cr-electron acceptors. However, since the ethanol molecules are oriented with the ethyl group towards the interface (Frumkin, Iofa & Gerovich 1956) , their acceptor properties against the metal as donor cannot come into force because of steric reasons. I t seems, therefore, th at the only way the electron can be transferred from a metal to an ethanolic solution under the action of light is by electron emission, as happens in non-polar liquids (Morant i960; Swan 1961; Terlecki & Gzowski 1962) .
The electron accepted by the water molecule from the metal goes into a strongly antibonding cr-molecular orbital which makes the newly formed entity H 20 highly unstable. This either returns the electron back to the donor or it dissociates into a hydrogen atom and an OH-ion. However, on the ground of the reaction between atomic hydrogen and OH-ions producing hydrated electrons (Rabani 1965) it can be inferred that an alternative reaction of H 20 will be a transfer of the electron to neighbouring water molecules resulting in formation of the hydrated electron .. The further fate of the hydrated electrons can be described in terms of inhomo geneous diffusion-controlled kinetics as in the photochemistry of aqueous solutions (Stein 1965) . Most of the electrons ' recombine ' with the electrode and only a few which escape the recombination diffuse to the bulk of the solution. Electron scavengers, when present in the solution, compete with the recombination for hydrated electrons and the scavenging reaction is the ultimate producer of photocurrent, in case the reaction product is not electrolytically oxidizable. Although Barker developed his quantitative treatm ent of photocurrent for the emission of electrons (1963) , his description of the model is very similar to the one outlined above and it seems th at his equations (1966) can be applied without substantial changes to the present model of electron transfer.
In the presence of a sufficient concentration of a strong electron scavenger all the hydrated electrons formed through H 20 near the electrode surface are trapped before they can 'recombine' and the 'saturation photocurrent' results. This obviously corresponds to those cases where the value of the zero-charge-red-limit energy was 3*4 eV. Exceptions from the rule seem to be the S20 | _ and CNS-ions which yield high photocurrents with the red-limit energy 3*4 eV, although they are known as weak electron scavengers (Thomas, Gordon & H art 1964) . After alkaliza tion their red-limit energy is increased, indicating a possibility of participation of some hydrolytic products in the photoprocess. The problem needs further investigation.
The value of the energy of red limit of photocurrent at zero-charge potential, 3-4 eV in our experimental conditions, obviously corresponds to the value of the work function referring to the escape of electron into aqueous solution, esti mated by Frumkin (1965) as higher than 3 eV.
The seemingly anomalous behaviour of the solutions of bicarbonate and acetone can be explained on the ground of an electrolytic reoxidation of the reduced form of the scavenger. The bicarbonate anion adsorbed at a positively charged electrode surface reacts with the hydrated electron like an acid, as the intercept 3*3 eV indicates (figure 12). On negatively charged electrode there are no bicarbonate anions adsorbed, but the molecule of carbon dioxide present in the solution in equilibrium will act as an efficient scavenger (Getoff 1963) . However, the molecule of C0 2 will not hold the electron in the vicinity of the electrode a t these potentials and the reducing radical C0 2 (Anbar 1965) will undergo an electro-oxidation. I t is only at potentials more negative than -1-0 V versus the potential of zero charge th a t CCKT retains the electron and only there does the photocurrent appear. Similarly, with the strong scavenger acetone in aqueous solution the radical (CH3COCH3)- (Rabani & Stein 1962 ) is evidently electrolytically oxidized at potentials less negative than -l'O.V and therefore acetone suppresses the photocurrent until this potential is reached. The case of another efficient scavenger of hydrated electrons, CO (Anbar 1965) , where the photocurrent increases markedly with potential but does not alter the red-limit energy value of the supporting electrolyte, can be perhaps explained by the low solubility of CO and by the potential dependence of a slow electrolytic oxidation of CO-.
If there are weaker electron scavengers in the solution like acids of p&a between 6 and 10 or SeO|" ions, part of the hydrated electrons return to the electrode before they can react with the scavenger, and light of higher energy than 3-4 eV had to be used in our experiments in order to reach the threshold of photocurrent at the potential of zero charge.
In pure solutions of indifferent electrolytes a possible electron scavenger is the water itself; however, as Barker et al. (1966) have shown, the scavenging rate of water is too low to account for the photocurrent observed. This current increases with dilution of the electrolyte even in presence of high concentrations of scavengers (Barker ei al. 1966) ; moreover, it can increase above the diffusion current of the scavenger (Heyrovsky 1966). I t is sensitive towards the charge of the cation of the electrolyte, but it is not due to the effect of the diffuse double layer on the move ment of the hydrated electrons, as in diluted 1-1 electrolytes it appears already on the positively charged electrode and it increases continuously through the potential of zero charge. This photocurrent is obviously caused by a reaction running a t the electrode surface in parallel with the production of hydrated electrons. Such a reaction is the already mentioned dissociation of H 20 -into H and OH-. If two H 20 -particles dissociate in sufficient proximity, the H atoms will combine to form a H 2 molecule and thus an elementary photocurrent can be produced. This may be the principle of the photodecomposition of water vapour adsorbed on metals, by light of wavelengths longer than those absorbed in the bulk, in a reaction independent of photoemission of electrons, as described by Valnev (1956) .
Cations in the Helmholtz double layer apparently interfere with this surface reaction by polarizing electrostatically the surrounding water molecules and thus reducing their activity. This effect is more pronounced with cations of higher valency, as the concentration of ions in the double layer is an exponential function of their charge. Dilution of the electrolyte at the electrode surface brings about an increase of activity of the adsorbed water molecules, and an increase of probability of H 2 formation. This is necessarily accompanied by an increased formation of hydrated electrons. However, in the absence of scavengers most of these return back to the electrode. Thus the 'residual' photocurrent in pure indifferent electrolytes is characterized by the highest values of red-limit energy found in aqueous solutions, in our experimental conditions between 3*9 and 4*4 eV. A comparison of photo currents in solutions of indifferent electrolytes in water and ethanol confirms th at the photoprocesses in the two solvents are different. In water the photocurrents are again considerably higher than in ethanol and with dilution this difference becomes still greater.
In solutions yielding the value of the zero-charge red-limit energy smaller than 3-4 eV transfer of the electron from the metal to the solution cannot occur via water molecule. I t is possible th at the role of acceptors is played here directly by the solutes themselves. The effect of alkalization on the red-limit energy seems to indicate th at in neutral solutions of bromate, iodate and tellurate the actual acceptors at the electrode surface are the undissociated acids formed as the result of slight hydrolysis. In the neutral solution of nitrite the electron acceptor is nitric oxide NO present in traces due to hydrolysis, strongly adsorbed a t the mercury surface as a radical of positive electron affinity (Heyrovsky 1966) . After alkalization the hydrolysis is suppressed, no NO is formed and the nitrite ion behaves like an efficient scavenger of hydrated electrons giving an intercept of 3-4 eV. Nitric acid is the only strong acid giving an intercept of less than 3-4 eV; it is possible th at the molecule of undissociated acid takes part directly in the donor-acceptor interaction with the electrode. On phototransfer of an electron all these acceptors either dissociate or undergo an irreversible electrolytic reduction.
In simple cases of cathodic photocurrents, as long as they are based on the photo chemical charge-transfer and are not complicated by the back reaction of the return of the electron to the electrode, (1) and (3) can be applied with the difference th at here the potential of the electrode E stands for the ionization energy of the ID = ID,a + E -E " .
Equation (3) is therefore also the expression of the linear relation between the red-limit energy and the threshold potential of the cathodic photocurrent.
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